Introduction: The aim of this study was to evaluate the effect of lipoprotein fraction isolated from ostrich egg yolk (LPFo) on the metabolic activity of boar spermatozoa following liquid semen storage in different extenders and temperatures. Material and Methods: Boar ejaculates were extended in Androhep, Beltsville thawing solution (BTS), and Martín-Rillo and Alias (MR-A) without (control) or with the addition of LPFo and stored for three days at either 5°C or 16°C. The analysed sperm parameters included total motility (TMOT), plasma membrane integrity (PMI), mitochondrial membrane potential (MMP), oxygen consumption, and adenosine triphosphate (ATP) production. Results: The sperm metabolic activity seemed to be higher in the LPFo-based extenders following storage for three days, irrespective of the storage temperature. Compared with the LPFofree extenders, significantly higher (P < 0.05) sperm PMI and MMP were observed in BTS and MR-A extenders supplemented with LPFo during storage for three days at 5°C. Spermatozoa stored in the BTS-LPFo extender exhibited higher (P < 0.05) TMOT and oxygen consumption, whereas higher (P < 0.05) PMI was observed in spermatozoa stored in Androhep-LPFo and MR-A-LPFo for three days at 16°C. No significant differences (P > 0.05) in ATP content were observed between the LPFo-free and LPFo-based extenders during storage. Conclusions: Supplementation of LPFo to semen extenders had varying effects on the metabolic activity of boar spermatozoa stored at different temperatures. It can be suggested that the interactions of various components of the extenders and seminal plasma with LPFo exert beneficial effects on the sperm metabolic activity during liquid storage of boar semen.
Introduction
Boar semen is generally preserved in liquid state at 15-20°C over 1-5 days (16) . However, recent research has demonstrated that long-term extenders enhanced with proteins and antioxidants can effectively prolong the storage of semen without compromising its quality (1, 14, 30) . The viability of sperm, an important measure of fertility, can be maintained over longer periods by slowing the metabolic activity of spermatozoa (16, 19) . Reduced metabolic activity decreases the rate at which sperm cells utilise substrates and accumulate metabolic by-products (8, 13) . The metabolic rate of spermatozoa can be reduced by lowering the storage temperature. This can be achieved by preserving sperm cells with the addition of extenders that protect the sperm plasma membranes. Avian egg yolks, in particular low-density lipoproteins (LDL) isolated from hen egg yolk (HEY), offer such protective functions (2, 17, 22) . Semen extenders are enhanced with the LDL fraction from HEY to protect the sperm cells of various animal species, including boars, against osmotic and cold shock effects (3) . However, the use of HEY in extenders for storage of boar semen can be controversial. Research has demonstrated that HEY contains inhibitory substances that disrupt sperm respiration and motility (24) . Boar seminal plasma also contains zinc ion-dependent proteins capable of precipitating HEY components, which significantly restrict their applicability in semen storage (25) . Hen egg yolk is also a potential source of microbial or viral contamination, which decreases the fertilising ability of spermatozoa used in insemination (24) . Earlier studies have shown that the lipoprotein fraction isolated from the African ostrich's egg yolk (LPFo) can replace HEY and its components, and that it can be used in a lyophilised form for boar semen preservation (5, 9, 23, 26, 27) . A study conducted in our laboratory revealed that LPFo delivers unique protective effects on the sperm ultrastructure and enhances the metabolic activity and fertilising ability of sperm cells (4, 6, 11, 12) . Sows were successfully inseminated with semen that was stored in the Kortowo 3 (K3) extender supplemented with LPFo at 5°C (refrigerator) (24) .
Based on the above findings, we hypothesised that the addition of LPFo to various boar semen extenders could exert a positive effect on the metabolic efficiency of stored spermatozoa, in particular at lower temperatures. The aim of this study was to evaluate the effect of the LPFo supplementation added to Androhep, Beltsville thawing solution (BTS), and Martín-Rillo and Alias (MR-A) extenders on the metabolic efficiency of boar spermatozoa stored at 5°C and 16°C. The metabolic efficiency of boar semen was evaluated based on the total motility, membrane integrity, mitochondrial membrane potential, adenosine triphosphate (ATP) content, and oxygen consumption of sperm cells.
Material and Methods
Animals and ejaculate collections. Ejaculates were collected from three Polish Large White boars, aged 1.5 to 2.5 years. A total of 12 ejaculates were obtained by the gloved-hand technique. Only semen samples with minimum 70% of total sperm motility and more than 85% of morphologically normal spermatozoa were used. Sperm morphology and acrosome integrity were assessed by the Giemsa staining method (9) . Sperm concentration was assessed microscopically in a Bürker chamber (EquimedMedical Instruments, Poland). Boars were kept under standard hygienic conditions and were fed commercial pig diets.
Semen processing and preservation. The semen samples were extended (30 × 10 6 spermatozoa/mL) in the following extenders: Androhep EnduraGuard (Minitüb, Germany), BTS (Minitüb), and MR-A (Kubus, Spain), according to the manufacturers' instructions. Semen samples were extended without the addition of LPFo (control) and with the addition of 5% LPFo. The LPFo extraction procedure has been described elsewhere (24, 26) . Extended semen was stored at 5°C (refrigerator) and 16°C (Thermobox, Minitüb) for three days. Besides plasma membrane integrity assessment, analyses of the parameters of the sperm metabolic activity including evaluations of total motility (TMOT), mitochondrial membrane potential (MMP), oxygen consumption, and ATP content, were conducted on the first day (day 0) and the third day of storage (day 3).
Motility evaluations. Before motility analysis, extended semen samples were held in a water bath for 10 min at 37°C. For the analysis, a 5 µL aliquot of sperm samples was placed on a prewarmed microscopic slide (37°C), covered with a coverslip (20 mm × 20 mm), and examined at 200 × magnification under a light microscope (Olympus BX40, Japan) equipped with a heated stage (37°C). The percentage of total motile sperm (TMOT) was assessed subjectively by visual estimation by one technician throughout the study. Sperm motility was determined by estimating the percentage of motile cells, in at least five fields, at the centre of the coverslip.
Plasma membrane integrity (PMI). Plasma membrane integrity was assessed using the dual fluorescent staining method described by Fraser et al. (10) . Aliquots (10 μL) of samples stained with carboxyfluorescein diacetate with propidium iodide (CFDA/PI) were examined under an epifluorescence microscope (Olympus CX41, Japan). Spermatozoa that fluoresced green over the head, midpiece, and principal piece were classified as membrane-intact, whereas spermatozoa that fluoresced red were considered to have damaged membranes. For each aliquot, approximately 200 spermatozoa were classified as cells with intact or damaged plasma membranes.
Mitochondrial membrane potential (MMP).
Mitochondrial membrane potential was assessed in semen samples using dual fluorescent JC-1 probes (5,5',6,6'-tetrachloro-1,1',3,3' -tetraethylbenzimidazolylcarbocyanine iodide) (Molecular Probes, USA) with propidium iodide (PI), according to a previously described method (5) . Briefly, aliquots (10 µL) of stained sperm cells were examined under an epifluorescence microscope (Olympus CX41, Japan). Sperm cells displaying only orange fluorescence at the midpiece region were classified as viable spermatozoa with active mitochondria (high mitochondrial membrane potential). A minimum of 200 spermatozoa were counted per slide, using epifluorescence microscopy at 600 × magnification.
ATP content. ATP content was determined with the ATP Bioluminescence Assay Kit CLSII (Roche Molecular Biochemical Company, Germany), using a Junior bioluminometer (Berthold Technologies, Germany). The ATP content of a sample was calculated from a standard ATP curve and expressed as nmol/10 8 spermatozoa. Oxygen consumption. Oxygen consumption was measured polarographically using the YSI Model 5300 Biological Oxygen Monitor (Yellow Springs Instrument, USA) and Clarke's electrode, according to the manufacturer's protocol. Oxygen measurements were expressed in μL O2/10 8 spermatozoa/1h/37ºC. Statistical analysis. All results were expressed as means ± standard error of the mean (SEM) and were analysed by repeated-measures ANOVA, using the General Linear Model (GLM) from the Statistica software package (v. 10; Statistica, USA). The main effects of extender (Androhep, Androhep-LPFo, BTS, BTS-LPFo, MR-A, and MR-A-LPFo), storage temperature (5°C or 16°C), and storage time (D0 or D3) on the metabolic activity of stored spermatozoa within the storage time were analysed with a 3-way ANOVA using a 6 × 2 × 2 factorial design. Significant effects were compared with the Duncan's post hoc test and were considered significant at P < 0.05.
Results
ANOVA results revealed that the extender type, storage temperature, and storage time were significant (P < 0.001) sources of variations in all analysed parameters of sperm metabolic activity, except for ATP content. Throughout the experiments, no marked differences (P > 0.05) in TMOT (Fig. 1A) , PMI (Fig. 1B), MMP (Fig. 2A) , oxygen consumption (Fig. 2B) , or ATP content (Fig. 3) were observed between the LPFo-free and LPFo-based extenders on day 0 of storage.
A. The LPFo-based extenders showed higher sperm TMOT during storage, particularly at 16°C (Fig. 1A) . Significantly higher (P < 0.05) percentages of motile spermatozoa were observed in the BTS-LPFo extender during storage for three days at 16°C (Fig. 1A) . Irrespective of the extender type, TMOT was suppressed in spermatozoa stored for three days at 5°C compared with those stored at 16°C (Fig. 1A) . No marked differences (P > 0.05) in sperm TMOT were observed between the LPFo-free and LPFo-based extenders on day 3 of storage at 5°C (Fig. 1A) . It was found that the proportions of membrane-intact (PMI) spermatozoa were significantly higher (P < 0.05) in the MR-A extender supplemented with LPFo at both temperatures on day 3 (Fig. 1B) . Furthermore, spermatozoa stored in the BTS-LPFo and AndrohepLPFo extenders exhibited significantly higher (P < 0.05) PMI during storage for three days at 5°C and 16°C respectively (Fig. 1B) .
B.
Significantly higher (P < 0.05) sperm MMP ( Fig. 2A ) and oxygen consumption (Fig. 2B) were detected in the BTS-LPFo extender during storage for three days at 5°C and 16°C, respectively. Spermatozoa stored in the MR-A extender supplemented with LPFo exhibited markedly higher (P < 0.05) MMP during storage at 5°C (Fig. 2A) . No significant differences (P > 0.05) in sperm MMP or oxygen consumption were observed between the LPFo-free and LPFobased extenders during storage at 16°C and 5°C, respectively.
A. B. Even though there was a tendency towards higher ATP production in spermatozoa stored in the LPFobased extenders for three days at 16°C, there were no significant (P > 0.05) differences when compared with the LPFo-free extenders (Fig. 3) . Also, no significant (P > 0.05) differences in sperm ATP content were observed between the LPFo-free and LPFo-based extenders during storage at 5°C (Fig. 3) .
Discussion
In the present study, the addition of LPFo to the semen extenders improved most of the analysed parameters of the sperm metabolic activity during storage at either 5°C or 16°C. The observed effects could be attributed to the biochemical properties of LPFo. The analysed extender supplement has a unique chemical composition with a predominance of lipoproteins (24, 26) . LPFo contains compounds that can enhance the metabolic efficiency of sperm cells, such as phosphatidylserine which protects spermatozoa against cold shock and facilitates cryopreservation (9, 11, 12, 26) . Boar semen is particularly susceptible to cold shock at a temperature range of 2-12°C (28, 29) . Sperm cell plasma membranes are at the highest risk of damage caused by cold shock and oxidative stress, and changes in their molecular composition can impair the metabolic activity and fertilising ability of spermatozoa (12, 29) . It has been demonstrated that LPFo interacts with the sperm cell plasma membranes and protects them against cold shock (12) . Studies have shown that LPFo has antioxidant properties, and the LPFo-seminal plasma protein complex could inhibit lipid peroxidation during storage at 5°C (24, 26) , which could have a beneficial effect on sperm metabolic activity. In our study, the addition of LPFo to Androhep, BTS, and MR-A extenders improved the sperm PMI and MMP during storage at both 5°C and 16°C. The results of this study confirmed our previous findings, which demonstrated that LPFo exerts a positive effect on the structural and functional integrity of the plasma membrane of spermatozoa during liquid storage (5, 6, 12) or cryopreservation (9, 11) of boar semen. It seems that LPFo enhances the membrane integrity and mitochondrial function of spermatozoa by binding to the membranes overlying the head and midpiece regions of the sperm cells. A similar finding was reported in a previous study, which showed that LPFo enhanced the fluorescence of a membrane probe, 1-anilinonaphthalene-8-sulphonic acid (ANS), in the sperm plasma membrane overlying the head and midpiece regions, particularly at lower temperatures (12) . The observed changes in PMI and MMP values suggest that the extent to which LPFo binds to the sperm cell structures is influenced by the extender type and storage temperature. The observed effects could also be attributed to the interactions of components of the extender and seminal plasma, and LPFo with the sperm plasma membrane. Plasma membrane domains in boar semen are characterised by different molecular dynamics and different responses to the components of the seminal plasma or preservation media, which could modulate molecular interactions between the egg yolk lipoproteins and spermatozoa (12, 22, 25) .
Major components of the seminal plasma are binders of sperm proteins (BSPs), which are detrimental to sperm function during liquid semen storage or cryopreservation (17) . The BSPs can bind to the sperm surface and induce cholesterol and phospholipid efflux from cell membranes in a time-and concentration-dependent manner, resulting in damaged spermatozoa, which are less resistant to cold-shock temperature. Thus, the dilution of the semen with extender comprising substances that interact with the BSPs is highly desirable for storage of spermatozoa. Several studies have confirmed that the low-density fraction of egg yolk minimises the harmful effect of the BSPs on the sperm membranes (2, 17, 22) . The BSPs interact with the low-density fraction, and more specifically with the LDL (17) . Thus, greater ability of LDL to bind to the BSPs reduces the loss of phospholipid and cholesterol from the sperm membranes during liquid semen storage (2) . Likewise, it is likely that LPFo binds to the BSPs, and protects the sperm membrane structures, which is manifested in reduced plasma membrane damage and increased viability and motility. In addition, the presence of components of the extenders such as bovine serum albumin (BSA) in Androhep and MR-A extenders (13) could influence the interaction mechanism with the sperm membranes (30) . Similarly to LPFo, BSA has protective effects related to its specific interaction with the sperm plasma membrane phospholipids, protects spermatozoa against cold shock, and enhances their motility following semen processing. Moreover, the presence of LPFo and BSA in the extenders has been shown to protect the plasma membrane integrity of spermatozoa, which is important to maintain their function, including metabolic activity (12, 30) . Therefore, the changes observed in the PMI and MMP during storage in the LPFo-based extenders at different temperatures might have influenced the rate of the energy metabolism in the sperm cells. It is noteworthy that glycolysis and oxidative phosphorylation are metabolic processes that generate energy for the sperm biological functions (5, 6, 21) . Mammalian spermatozoa get their energy from external (sperm environment) and internal (intracellular storage) sources (15, 18, 21) . As regard the extenders used in this study, the main energy source was glucose, which is the preferred substrate for metabolism in sperm cells (21) . Also, spermatozoa can rely on energy sources other than monosaccharides, including extracellular metabolites such as lactate, pyruvate, citrate, glycerol, phospholipids or even triglycerides (15, 18, 21) . We have shown that LPFo comprises phospholipids and triacylglycerols, which could act as potential sources of energy for boar spermatozoa (24, 26) . During storage, it is possible that these different sources of energy might improve the sperm mitochondrial function (higher MMP and oxygen consumption) in the LPFobased extenders, resulting in increased sperm motility compared to the LPFo-free extenders. However, there is limited information in the literature about the significance of the role of phospholipids and triacylglycerols as potential sources of energy for spermatozoa during liquid semen storage.
In the current study, the sperm metabolism was also influenced by the storage temperature. The metabolic activity of spermatozoa is considerably reduced when exposed to cold-shock temperature (4-6, 14, 20) . A similar phenomenon was observed in this study when extended semen samples stored at 5°C were compared to those stored at 16°C. During storage at 5°C there was a marked reduction in sperm mitochondrial activity, reflected by lower oxygen consumption and MMP and ATP production which is essential for the maintenance of motility (21) . Furthermore, a reduction in oxygen consumption was accompanied by a marked decline in the rate of ATP production, however, there were no significant differences between the LPFo-free and LPFo-based extenders with respect to ATP content. It is difficult to explain this inconsistency and further studies will be needed to clarify this finding.
To conclude, supplementation of LPFo to Androhep, BTS, and MR-A extenders seemed to improve the metabolic efficiency of boar spermatozoa during storage for three days at different temperatures, particularly at 5°C. The findings of our study have confirmed that the metabolic activity of stored spermatozoa was significantly influenced by the extender type, storage temperature, and storage time. Furthermore, marked changes in the metabolic activity of boar spermatozoa could be attributed to the interactions of various components of the semen extenders and seminal plasma with ostrich egg yolk lipoproteins during liquid semen storage.
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